Abstract We study the quantum-size effect and the influence of the external magnetic field on the exciton ground state energy in the type-II InP quantum disk, lens and pyramid deposited on a wetting layer and embedded in a GaInP matrix. We show that the charge distribution over and below quantum dot and wetting layer induced by trapped exciton strongly depends on the quantum dot morphology and the strength of the magnetic field.
Introduction
The study of the behaviour of Wannier excitons in both type-I and type-II self-assembled quantum dots (QDs) has attracted considerable attention in recent years. In type-I structures, such as InAs/GaAs or InAlAs/AlGaAs, both carriers, which forms exciton, are located inside the quantum dots, while in type-II structures such as InP/GaInP or GaSb/GaAs inside the dots can be located only electron or only hole. Separate localization of the carriers in type-II axially symmetrical heterostructures can lead to interesting effects such as persistent currents, oscillations of the exciton ground state energy, and crossovers of the energy levels [1] . At the same time, analysis realized recently shows that the modification of the density distribution in two-dimensional structures with broken symmetry produces a partial or total quenching of these effects for low-lying energy levels [2] . On the other hand, according to the results obtained previously for type-I QDs in form of the disk [3] , lens, and pyramid [4] the three-dimensional density distribution of carriers in QDs is modified due to an appreciable tunnelling of carriers toward the matrix through the upper and lower QD's junctions. As the electron is lighter than the hole it's tunnelling toward the matrix is stronger than one of the electron. Therefore in the regions above and below the type-I QD with trapped exciton the negative charge exceeds the positive one, while in the central region of the QD the charge distribution is inverted. In this work we present results of similar calculations of the charge distributions, provided by the trapped exciton around and inside type-II QDs with different morphologies.
Theoretical model
We consider a model of axially symmetrical quantum-well structure in the form of thin InP layer whose thickness d depends on the distance ρ from the axis as:
Here ( ) ( ) Hamiltonian of the exciton corresponding to its ground state can be written as:
Here ( ) , and eh r is the electron-hole separation. In our model the hole is retained close to the QD only due to the attraction to the electron trapped inside the layer and therefore the typical scale for the distance between them is the effective Bohr radius. This value can be assured by the presence of the factor ( )
in the ground state wave function. It is the reason why we choose the trial function for the trapped exciton as follows: 
Taking into consideration that the structures under consideration have a small the height-to-base radius aspect ratio we found the solution of the equation (4) corresponding to the lowest energy e E by using the procedure corresponding to the adiabatic approximation, described in reference [4] . The exciton energy of the ground state X E is found by minimizing the ratio: 
Taking the functional derivative with respect to Φ gives a wave equation of the form: 
The presence in these expressions of delta-function, ( ) 
Here eff V is the effective potential which controls the in-plane motion of the hole around the QD. The potential curves eff V in the disk, the lens and the conical pyramid with the base radius 8nm, the thickness of the WL 2nm and the greatest QD height over the WL 3nm for the zero-magnetic field case are presented in Fig. 2 . It is seen that the effective potentials strongly depends on the QDs morphology. 
Results and discussion
We solve one-dimensional wave equations (8) by using the trigonometric sweep method described in Ref. [3] . In our calculations we took the parameters: , which are typical for InP/GaInP system [5] . In order to understand the effect of the QD morphology on the exciton ground state energy we first calculated the density of the charge distribution inside and around the QD with trapped exciton, defined as the difference between the hole and the electron density distributions... It is clear that the change of the InP layer morphology should provide a variation of the averaged separation between the electron and the hole. For example, if in the disk-shaped QD the electron can be displaced inside the QD along the layer relatively easy, following to the motion of the hole, in the case of the conically-shaped QD the electron is mainly localized close to the axis. Therefore the mean distance between the electron and the hole in a conically-shaped QD is larger and the binding energy is inferior than those in the disk. In Fig. 3 we present contour plots, which correspond to the level lines of the charge density distributions along a cross section in the middle of the InP/GaInP quantum disk, lens and conical pyramid with trapped exciton. The left-and right-side parts of the figure correspond to the models of QDs without and with WL, respectively. It is seen that in contrast to the distribution obtained previously for the type-I QD in reference [4] , the density of the radial charge distribution inside QDs is generally negative while outside QDs it is positive. Also, one can see that the region of the positive charge over and below QDs is extended toward axis while the morphology of the QD is changed from disk-shaped to conical- shaped. The existence of the WL leads to a lowering of the effective barrier height for the in-plane electron motion reinforcing significantly it's tunnelling in the lateral direction, resulting in a stronger charging of the peripheral regions in the lateral direction that can be seen in right-side plots of Fig. 3 . Figure 3 Contour plots of the radial charge distribution density induced by captured exciton in a plane trough the axis of symmetry of the InP/GaInP quantum disk, lens and conical pyramid with the base radii 10nm and the heights 4nm, and with 0 (left-side) and 2nm (right-side) thickness of the WL.
Comparing contour plots in Fig. 3 with those from reference [4] for type-I QDs one can observe that the charging of the central y peripheral regions in the type-II QDs is essentially stronger than one in the type-I QDs. It is due to the fact that the regions of the carriers' localization in the type-I QDs are essentially overlapped while in the type-II QDs they are strongly separated In Fig. 4 we display the exciton binding and total energies dependencies on the base radii of the disk, the lens and the conical pyramid with height 4nm over WL, whose thickness is 2nm. It is interesting to note that for small QD radii ( ) 0 15 R nm < the largest binding energy has the exciton in the conical pyramid followed by the lens and disk, whereas for large QD radii this order is inverted. It is due to the fact that the motion of electron is mainly restricted in QD close to axis and that the largest confinement is provided in the conical pyramid followed by the lens, and the disk. Therefore, as the QD radius is greater than the effective Bohr radius (about 15nm), the largest separation between the hole and the electron is in the conical pyramid. The order is reversed for 0 15 R nm < . One can see in Fig. 4(b) that the total energy dependencies in QDs with different shapes are rather similar being the energy in the conical pyramid for all base radii higher than those in the lens and in the lens higher than in the disk. In Fig. 5 we display the exciton binding energies dependences on the magnetic field strength for QDs with different shapes. It is seen that in all cases the exciton binding energy increases and that this increase is larger in the pyramid and the lens. The magnetic field affects mainly the density distribution of the hole, displacing its peak toward heterostructure axis, decreasing in this way the electron-hole separation and increasing the binding energy. Such modification of the distribution under magnetic field is less pronounced in disk-shaped QD. 
Conclusions
In order to study the effect of the morphology on the charge distribution in type-II quantum dots with trapped exciton we propose a simple trial function for calculating the charge distribution and the ground state energy of the exciton in flat disk-shaped, lens-shaped, and cone-shaped InP/GaInP quantum dots with different base radii, heights and wetting layer thicknesses. We present novel contour plots of the radial charge distribution density induced by captured exciton in InP/GaInP quantum dots with different morphology. It is found a strong influence of the morphology on the charge distribution inside, over and below QD with trapped exciton and on the exciton energy dependencies on the QD radius and the magnetic field strength.
